Summary Statement: This work introduces novel fluorescent iron chelator-peptides that specifically target mitochondria and sense changes in labile iron levels of the organelle, which is detrimental in oxidative stress and pathological conditions. 
INTRODUCTION
The primary function of mitochondria is to support aerobic respiration and to generate the energy providing substrate, ATP [1] . Given this fundamental role, defects in mitochondrial function have serious physiological consequences. Abnormalities of mitochondrial DNA and oxidative phosphorylation have been identified in several diseases [1, 2] .
Recently, mitochondria have been recognized as a principal destination of non protein-bound labile (and chelatable) iron called LI [3] . This redox active mitochondrial labile iron pool (LIP) acts as a catalyst in the formation of reactive oxygen species (ROS) via Fenton chemistry, thereby making these organelles particularly sensitive to oxidative stress seen under certain pathological conditions and leading to cell damage and death [4, 5] . It has been hypothesized that excessive levels of the mitochondrial LIP due to, for instance, defects in iron-sulfur cluster synthesis and function, may result in aging, with disease consequences which have implications particularly in the more common forms of neurodegeneration, namely Friedreich's ataxia, Parkinson's disease and Alzheimer's disease [6] [7] [8] [9] [10] [11] .
Despite increased deposits of iron having been reported in some of these diseases, monitoring the concentration of mitochondrial LIP both under physiological and pathological conditions has so far proven difficult. Currently there is no mitochondria-specific sensitive iron sensor which can reliably monitor levels of LIP in this organelle. To our knowledge, rhodamine B-[(1,10-phenanthrolin-5-yl)aminocarbonyl] benzylester (RPA) is the only ironsensitive probe that targets to mitochondria and does so potentiometrically. However the iron-chelating moiety 'phenanthrolin' is not highly specific for iron and in cellular studies, it has been difficult to accurately estimate the level of mitochondrial LIP due to failure to reverse the iron-mediated quenching of RPA by highly specific and potent iron chelators [4] . The development of a selective mitochondrial iron sensor would therefore present an important stepping-stone in the monitoring and adjustment of mitochondrial LIP.
The targeted delivery of biochemical agents to the mitochondria has been shown to enhance both their pharmacological effects and therapeutic window when compared to simple compound delivery [12] . Several pharmaceutical and biotechnological strategies have A c c e p t e d M a n u s c r i p t been described to address this challenge. For example, conjugation of bioactive drugs, primarily antioxidants, to triphenylphosphonium cations (TPP) allowed selective accumulation into mitochondria, in a membrane potential-driven mechanism both for cellpenetration and for inner mitochondrial membrane accumulation [13] [14] [15] .
We have focused our attention on the class of small "SS peptides", which selectively target mitochondria [16] [17] [18] [19] . Such peptides are amphiphilic, contain alternating aromatic and basic groups, and despite carrying several positive charges, are able to freely penetrate membranes in a non-saturable manner and to rapidly accumulate in the mitochondria [20, 21] . Importantly, they are also able to pass the blood brain barrier. Such mitochondriadirected peptides, as well as some newly-described cationic and lipophilic peptides [22, 23] have been used successfully as carriers of functional molecules (including antioxidants or drugs) to the mitochondria [24] [25] [26] [27] [28] [29] [30] [31] .
Here, we report the development of selective mitochondrial LI sensors. Using a library of fluorescent mitochondria-targeted amphiphilic tetra-and penta-peptides, we identified a lead compound for the subsequent synthesis of a set of iron chelator-peptides on the basis of selectivity for mitochondrial localization, as determined by fluorescence microscopy. The analysis of the biological trafficking of the compounds highlighted the influence of dye structure on mitochondria localization. A panel of three novel iron chelatorpeptides was synthesized which demonstrated sensitive responsiveness to iron, both in cellfree systems and cells. This study has provided a comprehensive investigation of the organelle selectivity and functionality of this novel class of chimeric cell-penetrating peptides (CPPs) and paves the way in the development of selective mitochondrial biosensors for the monitoring of mitochondria-related diseases.
EXPERIMENTAL

Peptide Synthesis
See Supplementary Information for protocols and characterization information.
Analytical
High resolution mass spectrometry (HRMS) was conducted on an Exactive Plus Orbitrap Mass Spectrometer. Analytical reverse phase-HPLC (RP-HPLC) was conducted on a HP1050 HPLC system equipped with an autosampler, a quaternary pump and a Diode-Array Detector. A Kinetex 2.6 m XB-C18 100A (150 x 2.1 mm) column was employed. The flow rate was 0.2 mL min -1 and the eluents were monitored at wavelengths between 214-281 nm. A linear gradient of mobile phase B [acetonitrile (ACN) containing 0.1% trifluoroacetic acid (TFA)] over mobile phase A (0.1% TFA in water) from 0-90% B in 30 min was performed. Data were collected and analyzed using ChemStation software. Semipreparative RP-HPLC was conducted on a Waters SymmetryPrep™ C8, 7 μm, 19 x 300 mm column using water/ACN gradients at a flow rate of 7 mL min -1 . The pKa and clogD 7.4 values were calculated using MarvinView 6.1.3 software. The net charge values were obtained using the calculated pKa values as reference using HySS2009 software.
Cell culture
The human primary foreskin fibroblast (FEK4) cells (kindly provided by Prof. R. M. Tyrrell, University of Bath, UK) were grown as previously described [32] , except that phenol red-free culture medium was used. For experiments involving peptide delivery followed by microscopy, cells were seeded on glass coverslips and grown for 2-3 days in A c c e p t e d M a n u s c r i p t penicillin/streptomycin-free medium in order to reach a confluency of 60-70% on the day of microscopy analysis.
Peptide delivery
Cells grown on coverslips were rinsed twice with serum-free medium, incubated with peptides at a concentration of 1-30 μM for 2 h-overnight at 37 o C in a humidified chamber and rinsed as before. An organelle-specific marker was then added for 30 min. Following rinsing steps, the coverslips were inverted wet on a glass slide just before live cell microscopy analysis. The peptides were prepared from powder as 50-100 mM stocks in DMSO, kept at 4 o C and diluted freshly on the day of experiment in warm serum-and phenol red-free Earle's modified minimal essential medium (EMEM) to the concentration required. The organelle-specific markers MitoTracker® Deep Red FM (excitation 644 nm/emission 665 nm), LysoTracker® Deep Red (excitation 647 nm/emission 668 nm) and ER-Tracker™ Red (excitation 587 nm/emission 615 nm) were prepared and used according to manufacturers' recommendations.
Live cell microscopy Subcellular localization of the DNS-(compounds 3, 4, 10-11 and 13-14) and anthraniloyl (ATN)-(compound 2) labelled peptides was analysed on an Olympus IX51 inverted epifluorescence microscope equipped with a 100 W mercury UV lamp. Cells were imaged with a 40x objective. Images were acquired via an Olympus DP72 digital camera controlled by Olympus cell^P Analysis Image Processing software (Soft Imaging System GmbH, Muenster, Germany). For the subcellular localization of the [(7-Dimethylamino-2-oxo-2H-chromen-4-yl) acetic acid] (DMP)-(compounds 5-7) and 7-diethylamino-2-oxo-2H-chromen-3-carboxylic acid (DEP)-(compounds 8-9) labelled peptides, a Zeiss LSM510META inverted confocal microscope equipped with 405 nm blue diode laser, green and red HeNe lasers (543 and 633 nm lines) was used. Cells were imaged with a 63x oil objective. 1-2 μm thick optical slices were collected and processed using the LSM510 software from Zeiss. Cells showing yellow staining, resulting from superimposition of the peptide-specific green signal and the organelle-specific red signal, were qualitatively considered positive for colocalization. The co-occurence in the images, of green and red fluorescent signals above a threshold level was further confirmed by analysis of intensity profiles collected across cells (over a length of ca 30-60m) using Image Examiner (from Zeiss) and cell^P (from Olympus) Image Processing softwares. The extent of colocalization of each compound with mitochondria, lysosomes or endoplasmic reticulum compartments was also measured quantitatively by Manders' correlation coefficients (MCCs) M1 and M2 using ImageJ software with the JaCoP plug-in [33, 34] from a random selection of image fields. MCCs provide a measure of how much of the signal intensity of a channel occurs in the same location as the other channel. Thus M1 represents the extent of overlap of compound signal (green) with the organelle signal (red), whereas M2 represents the amount of organelle signal overlapping the compound signal. MCCs values range from zero (uncorrelated distributions of two probes with one another) to one (fully correlated distributions of two probes). MCCs were chosen instead of the Pearson's colocalization coefficient as they are particularly well suited when the fluorescent signals distribute to different types of compartments [35] .
Fluorescence quenching/dequenching assays Cell-free system: Quenching experiments were carried out as described previously [36] . Incell studies: Responsiveness of fibroblasts FEK4 cells to iron was achieved by loading them with iron(III)-8-hydroxyquinoline [Fe(HQ) 3 ] which was prepared freshly by mixing a solution of ferric chloride (10 mM) in water with 8-hydroxyquinoline (30 mM) in DMSO so A c c e p t e d M a n u s c r i p t as to obtain a Fe:ligand ratio of 1:3. The complex was then allowed to form for 1 h at 37 o C before use on cells. Briefly, FEK4 cells were first incubated (or not) overnight, with 30 μM compound 10-11 and 13-14. The next day, the medium was removed, the cells washed twice with PBS, trypsinized, resuspended in buffer F (10 mM HEPES pH 7.3, 150 mM NaCl) and counted. 10 6 cells were transferred to a thermostated (37 o C) quartz cuvette and kept in suspension for fluorescence reading with a Kontron spectrofluorimeter (SFM 25, Eching, Germany). Fluorescence was monitored until a stable signal was obtained, upon which iron was added in 0.6-1 L increments as Fe(HQ) 3 complex and fluorescence monitored until a stable signal was obtained before the next addition of iron. The cumulative iron(III) concentrations were: 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.5, 3, 4.5 and 6 M. Dequenching of fluorescence was achieved by adding deferiprone as a 100 M bolus to the iron-loaded cells. PBS, buffer F and the quartz cuvette were all chelex-treated so as to avoid unwanted quenching of compounds' fluorescence.
RESULTS
Design and synthesis of the fluorescent mitochondria-targeted peptides
In the present study, we initially designed and synthesized a series of "SS-like" peptides (see Supplementary data, Figure S1 ) that were similar in size, but differed in the nature of the fluorophore attached to them, with the view to select a dye that would not interfere with mitochondrial homing of the peptide and with spectroscopic properties that would permit analysis by microscopy. For this purpose, the fluorescent probes chosen were small in size, on the assumption that larger and bulkier fluorophores, such as the commonly used carboxyfluorescein and rhodamine dyes, could perturb the biological behaviour of the relatively small conjugates.
The generic approach for the design of the compound library is illustrated in Figure 1a and the sequences and some physicochemical parameters of the synthesized "SS-like" peptides are presented in Table 1 . The peptides were amidated at the C-terminus and incorporated a D-arginine residue in order to increase the peptide stability towards hydrolase enzymes. The compounds were prepared using an orthogonal Fmoc-solid-phase peptide synthesis (SPPS) method, as summarized in Scheme S1 (Supplementary data). This approach was chosen due to its chemical flexibility, efficient peptide preparation and higher safety when compared to the di-tert-butyl dicarbonate (Boc) method, which employs toxic chemicals such as HF. Crude peptides were purified via semi-preparative HPLC and characterized via analytical HPLC and HRMS (see Supplementary data, Table S1 ).
Compound 1 is the simplest, non-fluorescent compound which was prepared as a control molecule for biophysical evaluation (Table 1) . Compound 2 contains an ATN fluorophore, compounds 3 and 4 a DNS fluorophore, compounds 5-7 a DMP fluorophore and compounds 8-9 a DEP fluorophore (Table 1) . Since all the fluorescent tetra-peptides possess a predicted charge at neutral pH of approximately +2, we also prepared five-amino acid variants of the DNS, DMP and DEP compounds, possessing a charge of +3 at pH 7.4 in order to evaluate the effect of net charge on their biological trafficking and behaviour (Table 1) . Compound 7 displays a DMP fluorophore conjugated to a lysine, rather than a diaminopropionic acid (Dap) residue, in order to assess the influence of the fluorescently labelled amino acid (and the consequent difference in peptide hydrophobicity) on its mitochondria-homing properties.
Intracellular distribution of the fluorescent peptides synthesized
A c c e p t e d M a n u s c r i p t Subcellular distribution of the fluorescent peptides was examined using microscopy on live human skin fibroblast cells in culture and co-labelling with fluorescent commercial markers specific for mitochondria, lysosomes and endoplasmic reticulum (ER), respectively (see Experimental section). Throughout the study, colocalization of the peptides and chelatorpeptides to specific organelles was first evaluated qualitatively i) by the occurrence of composite fluorescent yellow signal generated by the co-occurrence of both green and red fluorescent signals above a threshold level and ii) intensity profile comparison as described in Experimental section (see Figures S4 and S5 in Supplementary data) . The extent of colocalization of the fluorescent peptides to specific organelles was then investigated quantitatively using ImageJ software with the JaCoP plug-in to determine Manders' correlation coefficients (MCC) M1 (green/red) and M2 (red/green) (See Experimental section and Figure S6) . Figure 2b , I and J, S4, I and S6, M1), but no colocalization with the ER compartment was observed (see example of compound 3 in Figure 2b , N and O, S4, N and S6, M1). The organelle distribution of the ATN-labelled compound 2 was indistinguishable from that of the DNS-peptides (data not shown). Nevertheless, despite fulfilling the criteria of selective mitochondria-homing, compound 2 was not selected for further development due to its spectral properties (see Figure S2 , panel a), rendering it impractical to detect microscopically on a routine basis. The DNS-peptides were selected for further investigation.
Biological and functional characterization of the iron chelator-peptides
Our microscopy results with the DNS-peptides prompted the synthesis of compounds 10 and 13-14, in which the central phenylalanine was replaced by the modified amino acid Nε-2.3-dihydroxybenzoyllysine (HBL) and an ornithine-linked 3-hydroxypyridinone chelator (Mim) respectively, conferring the resultant peptides with the capability to chelate iron (see Figure 1b and Schemes S2 and S3 in Supplementary data ). A control peptide -compound 11, lacking iron chelating capability by methylation of one of the phenol groups was also prepared (see Figure 1b and Scheme S2 in Supplementary data). While compound 11 mimics compound 10 with respect to its biological trafficking (data not shown), it is expected to lack iron binding capacity and provides an iron-inert control to demonstrate the utility of 10 as iron biosensor.
The cellular distribution of compounds 10-11 and 13-14 was assessed by fluorescence microscopy both qualitatively and quantitatively. The overall analysis revealed that in similar fashion to the other DNS-labelled peptides studied -not containing any iron-binding group, The responsiveness of compounds 10-11 and 13-14 to iron was monitored using ironspecific fluorescence quenching assays. Fluorescent 3-hydroxypyridin-4-one (HPO) derivatives have been demonstrated to be selectively quenched in the presence of iron(III), iron(II) and copper(II) [36, 37] . However, as the intracellular levels of labile copper(II) are typically 10 -15 M [38] , these molecules are effectively selective for iron under intracellular conditions. A novel lysosome-selective fluorescent iron sensor has also been reported where the fluorescence was found to be sensitive to the presence of iron(III) and selectively quenched by iron(III) in a concentration-dependent manner, both in cell-free systems and in cells in culture [36] . We hypothesized that a similar energy transfer mechanism (see Figure  S7 in Supplementary data) would occur with the proposed mitochondria-selective iron sensors 10-11 and 13-14. Indeed, the incremental addition of iron(III) as Fe-NTA (Fenitrilotriacetate) complex to a solution of compound 10 led to the concentration-dependent quenching of its fluorescence, with a maximum quenching effect of ca 60% (Figures 4a and  4e) , thereby demonstrating that compound 10 is capable of sensing iron(III) in a cell-free system. In contrast, compound 11 showed no responsiveness when incubated with an iron solution (Figures 4b and 4e) , consistent with its lack of capability to bind iron due to the methyl blocking group. These results strongly suggest that the observed decrease in fluorescence intensity in compound 10 is solely due to the formation of a complex between iron and the chelating catechol moiety.
Compounds 13-14 were also investigated as described above to assess the effect on the iron biosensing activity of the intramolecular chelator-fluorophore distance and iron affinity of the chelating group. Compounds 13 and 14 utilise an HPO group as the chelating moiety. With a pFe of around 20, such chelators are several orders of magnitude more powerful than catechols (pFe ~ 15) [39] . Interestingly, in the group of peptides prepared, compound 13 presented the strongest sensitivity towards iron, as revealed by the amplitude of fluorescence quenching (ca 100%) (Figures 4c and 4e) , against ca 60% for compound 14 (Figures 4d and 4e) which is similar to the profile of compound 10.
We assessed the translatability of these findings to FEK4 fibroblast cells, by manipulating the intracellular level of iron(III) using Fe(HQ) 3 complex and registering the effect on the fluorescence of the labelled peptide [40] as described in the Experimental section. Addition of as low as 0.2 M Fe(HQ) 3 to cells loaded with compound 13 (Figure 5a ) induced a much sharper decrease in fluorescence when compared to cells loaded with compound 10 or 14. After cumulative addition of 3 M iron(III), fluorescence quenching of compound 13 reached a plateau at ca 45% of initial fluorescence while quenching of compounds 10 and 14 was less marked (ca 15-20% quenching), albeit significant. As anticipated, when cells were either not loaded with any peptide, or incubated with the "nonchelator" control compound 11, fluorescence was not affected by addition of iron. In order to ascertain the specificity of the response to LI increase, the cell fluorescence was first followed during incremental addition of iron up to a final concentration of 6 M (as detailed in the Experimental section). Subsequently, the dequenching of fluorescent signal was monitored after addition of a 100 M bolus of the potent iron-specific and membranepermeable chelator deferiprone, with the aim to withdraw iron bound to the tested chelatorpeptide localised in the mitochondria. A c c e p t e d M a n u s c r i p t These data, taken together with the mitochondrial-homing properties of these three new compounds successfully demonstrate a proof-of-concept selective delivery to a subcellular organelle of an iron chelator capable of registering mitochondrial LIP.
DISCUSSION
In an attempt to develop highly specific mitochondria-targeted iron sensors, we first investigated the biological trafficking of a series of novel fluorescently labelled SS-like peptides to study the effect of the nature and size of the fluorescent probe as well as the incorporation of additional lysine residue on their mitochondria-targeting ability. As presented in Table 1 , compounds 2-9 were essentially fluorescent conjugates of compound 1, a model SS peptide which is similar to the reported "SS-02" peptide [24] , the radiolabelled analogue of which was demonstrated, in cellular studies, to concentrate in mitochondria. Based on its sequence, we anticipated that compound 1 will be targeted to mitochondria and that any biological perturbation observed in compounds 2-9 will be primarily due to the presence of the fluorescent probe. Our cellular distribution data confirmed this prediction. Compounds 2-4 were clearly demonstrated to accumulate in mitochondria, whereas compounds 5-9 were preferentially cytosolic with some minor colocalization with lysosomes. Therefore it appears that the inclusion of ATN or DNS in these model peptides did not interfere with their mitochondria-homing properties, whereas the incorporation of either DMP or DEP is responsible for the loss of specificity of the peptides for the mitochondria, despite their visible uptake by the cells (e.g. Figure 2a B, G and L). Clearly the nature of the fluorophore -even if small in size appears to strongly influence the biological function of a peptide. Our findings with compound 2 are in agreement with the previously reported ATNconjugated SS peptides [24] demonstrating successful delivery of such fluorescent compounds to the mitochondria. ATN is a small and uncharged fluorescent dye, which probably explains why it does not disrupt the biological activity of the resulting fluorescent peptide when compared to its unlabelled companion (compound 1). We did not investigate compound 2 in more detail, despite its mitochondria-selective behaviour, due to its weak absorption above 340-350 nm ( max = 315 nm) and low quantum yield rendering it unpractical to detect with our microscope equipment.
The DNS-conjugated peptides are clearly capable of penetrating membranes. We have investigated some factors that could contribute to the particular mitochondria tropism of the DNS-peptides, guided by the knowledge that the DNS fluorophore is an environmentsensitive dye [41, 42] . Preliminary biophysical results (see Figures S8 and S9 in Supplementary data) on compounds 1 and 3 suggest that the cationic amphipathic peptides change conformation upon interaction with membranes supporting the notion that such cationic amphipathic sequences can penetrate cell-membranes without the need for a transporter or endocytosis [17] .
The subcellular distribution data further demonstrated that within each group of peptides bound to a given fluorophore, the addition of a lysine residue did not have a measurable effect on the selectivity for mitochondria.
These findings have also led to the identification of a lead mitochondria-targeted iron chelator. Three DNS-conjugated iron chelator peptides (10, 13 and 14) were selected because they were predicted to colocalise with mitochondria. The entire compound series is highly hydrophilic (clogD 7.4 ≤ -2, Table 1 ) and the introduction of a chelating centre does not appreciably change this value, thus compound 13 has a clogD 7.4 value of -2.9, presenting multiple positive charges. Such constructs are extremely polar and it will be unlikely that such a molecule will remain located in the inner membrane, rather being localized in the A c c e p t e d M a n u s c r i p t matrix. Once inside mitochondria, by virtue of its +6 charge it should remain trapped in the aqueous environment, thus sensing the mitochondrial matrix iron levels. The three iron chelators 10, 13 and 14 have either catechol or HPO as metal ligands. In both cases the ligand has an extremely high-affinity for iron(III), which renders the probes selective for this metal under physiological conditions [43] . By virtue of this extremely high affinity for iron(III), under aerobic conditions these ligands will rapidly autoxidize iron(II) to generate the stable iron(III) complex [44] . Thus all three iron chelators 10, 13 and 14 sense both iron(III) and iron(II) in cell-free systems and in cells. Amongst these three iron chelator peptides, the HPO-containing compound 13 displayed the highest sensitivity to iron, presumably due to its higher affinity for iron(III) [39] . The lower sensitivity of compound 14 compared to compound 13 may be due to the longer distance between the fluorophore and the iron chelating moiety, resulting in a less efficient energy transfer between those groups upon iron binding. Interestingly the maximum amplitude of iron-specific quenching attained for compounds 13, 10 and 14 in cell-free systems (i.e. 100, 60 and 60%, respectively) (see Figure  4e ) were higher than those typically obtained in cells (i.e. 45, 20 and 15%, respectively). This is likely to be due to the partial quenching of fluorescence during their incubation in cells, prior to the addition of Fe(HQ) 3 , thereby leading to an apparent lower sensitivity. Nevertheless the order of sensitivity to iron (i.e. in decreasing order of sensitivity 13 > 10 ~ 14) was preserved both in the cell-free system and in FEK4 cells, therefore validating the cell-free approach to predict sensitivity of this class of compounds in cells. Experiments are currently under way which aim at using the above quenching data to determine the mitochondrial LI in various cell types and conditions, as well as possible effects of these compounds on mitochondrial functions.
In conclusion, compound 13 is the most promising candidate mitochondrial LI sensor of the three compounds we have synthesized. With no adequate mitochondria-specific iron sensors available, our compounds are expected to be of significant value to both biological and pre-clinical research in the field of iron-and mitochondria-related oxidative injuries and pathologies. The use of this mitochondria-targeted iron sensor in physiological and pathological conditions characterized by iron-overload in mitochondria is a long-term objective currently under investigation in our laboratory. 
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